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Synthesis of Ag-CoFe 2 O 4 dimer colloidal nanoparticles and enhancement of their magnetic response I. INTRODUCTION
The understanding of the influence of finite size effect and surface effects on magnetic properties of nanoparticles (NPs) represents an attractive area of research. 1 Additionally, the combination of electronic and magnetic responses through a dimer-type particle system allows one to study microscopically the complex and intricate interaction mechanism within the dimer structure and the possibility to tune and enhance the magnetic properties. 2, 3 Specifically, metallic NPs such as Ag and Au systems exhibit striking features that are not observed in their bulk counterparts, for example, ferromagnetism reported in Au NPs coated by protective agents, such as dodecane-thiol. 4 Cobalt ferrite (CoFe 2 O 4 ) is a ferrimagnetic material with a cubic inverse spinel structure represented by B(AB)O 4 where oxygen forms a fcc close packing, and the Fe cation occupies both interstitial tetrahedral (A) and octahedral sites [B] and Co cation occupy only the octahedral sites. CoFe 2 O 4 NPs dispersions have been widely used as ferrofluid in, for example, rotary shaft sealing, oscillation damping, and position sensing. The use of properly coated CoFe 2 O 4 NPs in clinical medicine has also intensified. Such a suspension can interact with an external magnetic field and be positioned to a specific area, facilitating magnetic resonance imaging for medical diagnosis and ac magnetic field-assisted cancer therapy. 5 Dimer like NPs, that is, CoFe 2 O 4 particles attached to metallic and non-magnetic particles, such as Ag or Au provide NPs stability in solution and help in binding various biological ligands to the NPs surface. Thus, they could be used as nanovectors for drug delivery with convenient enhancement of both optical and magnetic properties. 6 Therefore, the proposition of a method for designing particles with the physical properties of Ag NPs composition but with the chemistry of CoFe 2 O 4 would represent a major advance. Here, we describe a solution-phase route to prepare Ag-CoFe 2 O 4 colloidal dimer NPs. The structural and magnetic results show the enhancement of the magnetic anisotropy and coercivity, which could be ascribed to interface effect and the related structural defects.
II. EXPERIMENTAL DETAILS
We have used a two-step chemical route for the synthesis of Ag-CoFe 2 O 4 colloidal NPs as described in detail elsewhere for Ag-Fe 3 O 4 dimer NPs. 3 In each synthesis, the prepared mixture was gently heated to the final temperature of 260 C for 60 min under an inert atmosphere. The solution mixture was then cooled to room temperature and colloidal NPs were washed and centrifuged after adding excess of ethanol. The obtained NPs were then dispersed in non-polar solvents.
The particle diameters and their distribution were measured by transmission electron microscopy (TEM) (300 keV, JEM 3010 microscope) at the Brazilian Synchrotron Light Laboratory (LNLS). The structure was determined by x-ray diffraction (XRD) (Philips, X-PERT) with Cu Ka radiation and the magnetic properties were measured with a PPMS (Quantum Design) magnetometer installed with VSM option. contrast corresponds to Ag NPs, whereas the light one corresponds to CoFe 2 O 4 NPs [see Fig. 1(b)]) . 7 The size distribution of the CoFe 2 O 4 NPs in the Ag-CoFe 2 O 4 NPs is around 13 (3) nm, whereas for Ag NPs, it is 25 (7) nm. By the shape and morphology of the particles, we can infer that, in the second synthesis stage, CoFe 2 O 4 grows using Ag NPs as pinning seeds, leading to the appearance of dimerlike particles [see Fig. 1(b) ]. Figure. 1 Figure 2 shows the magnetization versus temperature curves for the reference CoFe 2 O 4 and Ag-CoFe 2 O 4 NPs samples under zero-field-cooling (ZFC) and field-cooling (FC) modes. The low field (20 Oe) ZFC and FC magnetization curves for the CoFe 2 O 4 NPs exhibit a blocking process typical of an assembly of weakly interacting randomly oriented NPs, 8 where the M ZFC show a narrow maximum at 35 K, which is associated with the mean blocking temperature hT B i of an assembly of superparamagnetic (SPM) particles. The M FC increases continuously as the temperature decreases, but below 20 K, it is practically constant up to the lowest measuring temperature. Conversely, in case of dimer NPs, the M ZFC curve shows clearly two distinct contributions to the magnetization. At low temperatures (up to 30 K), the magnetization emerges due to the individual CoFe 2 O 4 NPs (i.e., without the attached Ag NPs), and the M ZFC shows a maximum at 26 K, which is slightly at lower temperature as compared to CoFe 2 O 4 NPs reference sample. However, beyond it is added to the magnetic contribution of the dimer NPs leading to a very large energy barrier distribution, with blocking temperatures higher than 300 K. One can clearly see a clear separation between both ZFC and FC branches, which persist well above 300 K. At the same time, its M FC part rises monotonically as the temperature decreases. The irreversibility temperature, T IRR , is defined as the threshold temperature point above which ZFC and FC curves coincide. Therefore, when the values for both CoFe 2 O 4 and AgCoFe 2 O 4 NPs samples are compared, the T IRR temperature rises from 145 K to above room temperature; which confirms the enhancement of the magnetic anisotropy. whereas at 2 K the coercivity reaches a maximum value of 11.5 kOe, which is much larger than those of bulk cobalt ferrite (5 kOe at 5 K). On the other side, the loop for the Ag-CoFe 2 O 4 NPs sample shows two contributions: the highfield linear magnetic susceptibility and other ferromagnetic behavior at 2 K, which is similar to CoFe 2 O 4 reference sample. However, the value of coercivity at 2 K increases from (11.5 kOe) for the CoFe 2 O 4 NPs to 14.2 kOe for the dimer NPs. Additionally, compared with the magnetic field response of the CoFe 2 O 4 reference sample, the enhancement of the magnetic anisotropy is evident through the observation of the nonsaturation magnetization of dimer NPs in a field of 140 kOe with a high-field linear magnetic susceptibility. Therefore, initially taking into account the structural morphology of the particles and the lattice expansion of the CoFe 2 O 4 spinel phase in the dimer NPs, we believe that the mechanism behind the enhancement of the magnetic anisotropy and large coercivity result from the non-zero orbital moment, m orb , and the related strong spin-orbit interaction. 9 In addition, the distribution of cations between tetrahedral (A) and octahedral [B] sites in Co-ferrite, their chemical order, as well as deviation from the ideal (Co:Fe; 1:2) stoichiometry are known to affect considerably their magnetic properties. As the chemistry to fabricate reference and dimer NPs in the present case is slightly different, therefore the observed enhancement in the magnetic behavior of the dimer NPs could also be due to nonstoichiometric cobalt content or other structural-related defects. 10 The investigations are under way to further tune, control, and optimize the magnetic response for the Ag-CoFe 2 O 4 -type dimer NPs.
III. RESULTS AND DISCUSSION

IV. CONCLUSION
We have synthesized Ag-CoFe 2 phase, we believe that the mechanism behind the enhancement of the magnetic anisotropy and large coercivity at 2 K result could be ascribed to the interface effect between Ag and CoFe 2 O 4 components and the related structural defects. This is closely connected with the lift of zero orbital moment, m orb , and the related strong spin-orbit interaction. 
